A well stirred reactor model determines spatially averaged species composition in a plasma etch reactor by solving conservation equations for species, mass, and electron energy distribution function ͑EEDF͒. The reactor is characterized by a chamber volume, surface area, mass flow, pressure, power deposition, and composition of the feed gas. The well stirred reactor model is increasingly common in the literature due to its low requirement of computer resources for detailed chemical kinetics calculations. In such plasma etch models, assumptions on the EEDF, which are needed to determine reaction rate coefficients for electron impact reactions, are crucial for a prediction of steady state conditions. In this article we focus on a comparison for three different levels of sophistication with regard to the electron energy distribution function: obtaining the EEDF from a fully coupled solution of species equations and the Boltzmann equation, pre-computing and tabulating the EEDF for typical reactor conditions, and assuming a Maxwellian EEDF. The influence of these modeling assumptions on the steady state conditions of the reactor is examined by various parametric studies for a chlorine plasma. The results clearly indicate limitations of the two simplified approaches to electron kinetics. To summarize, in this article we show the feasibility of a zero-dimensional model which predicts steady state reactor conditions from a fully coupled solution of Boltzmann and species equations.
I. INTRODUCTION
Plasma processing is widely used in micro-device fabrication, where two key steps are deposition and etching of material layers on wafer surfaces. Usually, low-pressure gas discharges are used to dissociate and ionize a feed gas for the purpose of reactive ion etching. 1, 2 Such plasma reactors show a complex behavior due to the coupling of electrodynamic interaction, fluid dynamics, and chemical reactions in the gas phase and on the surface. 3 In this article, we focus on the chemical kinetics in the gas phase, in order to understand chemical reaction mechanisms and calculate the corresponding reaction rates. For this purpose it is sufficient to consider a zero-dimensional ͑0D͒ plasma reactor model which can be used easily as a sub-model for spatially resolved reactor simulations.
0D or spatially averaged reactor models are common for thermal systems 4, 5 and, in the last few years, also for plasma systems. 1, [6] [7] [8] [9] The major advantage of a 0D model lies in the small computational demands for solving the conservation equations of the system, allowing analysis of the effects of model assumptions or to determine the dependence of the plasma composition on the various input parameters.
The electron energy distribution function ͑EEDF͒ for such systems is under intense investigation 7, 9, 10 as it is crucial for the determination of rates of electron impact in the plasma via cross sections. In general, in a low-pressure partially ionized plasma the EEDF is non-Maxwellian. Thus, several approaches have been made to incorporate this effect into 0D models: precalculation of the nonequilibrium EEDF, 9 full coupling of the EEDF calculation and the heavy species conservation equations, 11 both by solving Boltzmann's equation ͑BE͒ for the EEDF, or Monte Carlo calculations of the EEDF. 7 With regard to spatially resolved simulations it is desirable to precalculate the EEDF and tabulate or fit the results to save CPU time, but the error made by this procedure has not been examined yet.
In this work we use a mathematical model of a Cl 2 gas discharge, consisting of species conservation equations and the Boltzmann equation to yield the state of the system. We examine the effect of different approaches to the EEDF on the results by various parametric studies.
II. DESCRIPTION OF THE MODEL
The conservation equations of the well stirred reactor model are well known, but some important modifications are necessary to integrate the solution of Boltzmann's equation into this model. Therefore, in the following sections the complete set of conservation equations is rewritten in a form suitable for the full coupling of electron energy distribution function and heavy species conservation equations.
We consider a plasma chamber of volume V and surface A in which a plasma state is maintained. A steady flow of N g reactants ṁ 0 with mass fractions Y j 0 ( jϭ1, . . . ,N g ) and temperature T 0 enters the reactor chamber at a given pressure p. The state of the well-stirred reactor is given by a neutral temperature T, an ion temperature T ion , an EEDF f e (⑀)d⑀, and mass fractions Y j ( jϭ1, . . . ,N g ) of the heavy species. The surface is characterized by a site density ⌫, surface tema͒ Electronic mail: riedel@iwr.uni-heidelberg.de perature T s and fractional coverage ⌰ i (iϭ1, . . . ,N s ) of the N s surface species. The mass flow to the outlet can be calculated from ṁ 0 and the reactor pressure p by means of the continuity equation.
A. Governing equations
We use species conservation equations to calculate the heavy species mass fractions. Gas-phase conservation yields
and surface species conservation
with being the mass density, ṡ i the molar rate of formation of species i due to surface reactions, M k the molar mass, and j the molar rate of formation due to gas-phase reactions.
At the present stage of the model, we set the heavy species and the ion temperature constant rather than solving two energy equations, due to the lack of knowledge of collision frequencies between ions and neutral particles. 8 In this work we focus on the treatment of electrons. It is well known that in high-density, low-pressure plasmas, electrons in general are not in thermal equilibrium. An accurate treatment of the electrons can be achieved by solving BE for the EEDF. 12 The EEDF calculation must be coupled to the plasma conditions ͑such as ionization degree or composition of heavy species͒ and the electrodynamics. We follow the approach of Morgan 13 for solving the BE numerically in terms of a two-term spherical harmonic expansion:
where is the angle between the electric field and the velocity of the electrons. This is a widely used approximation which holds for small E/n gas ratios and elastic cross sections much larger than inelastic cross sections. 10 The second assumption is that ac effects can be neglected in the calculation of the EEDF, if one is interested in the plasma composition averaged over one ac cycle and not in the modulation of the EEDF during the cycle. Therefore we replace the actual ac field by an effective dc field which transfers the same power to the electrons. The advantage of this approach is that one does not have to resolve an ac cycle in the EEDF calculations, leading to larger time steps in the numerical solution. The validity of this approximation is discussed in detail in Refs. 10, 15, and 16.
In Ref. 15 a Fourier expansion of the distribution function is performed. The authors conclude that independent of the degree of nonstationarity of f 1 the period average of the isotropic distribution f 0 can be sufficiently calculated by the lowest equation in the Fourier expansion in the case of sinusoidal electric fields, if the following two conditions for the energy relaxation frequency hold:
with (m) being the mole-fraction-averaged momentum transfer collision frequency for elastic collisions and k (inel) the energy transfer frequency for ineleastic collisions, respectively and m e the electron mass and M the heavy particle mass. Their lowest equation of the Fourier expansion is identical to the steady state limit of Eq. ͑5͒ of our approach to solve Boltzmann's equation for an effective dc field.
Low-pressure high-density discharges such as inductively coupled plasmas ͑ICPs͒ or electron cyclotron resonances ͑ECRs͒ are normally driven by frequencies of 13.56 MHz or 2.45 GHz, respectively. In this frequency regime and for the low system pressures of interest both of the above conditions hold. Therefore, we restrict the EEDF calculations to the dc case, leading to the simplification
E being the electric field and e the absolute value of the electron's charge. This implies that no magnetic fields are considered. 10 The next assumption is that super-elastic collisions do not play any role, whereas electron-electron collisions must be considered ͑cf. below͒. Under these assumptions, the BE can be written as
͑the index 0 is dropped for convenience͒ with the contribution of the electric field
of elastic collisions
and of inelastic collisions
i k inel being the cross section for the kth inelastic collision process of electrons with species i. N l i is the total number of inelastic collision processes of electrons with species i. The contribution of electron-electron collisions can be calculated through the Fokker-Planck equation using the Rosenbluth potentials:
D and L are the Debye-length and the Landau length, respectively. Finite-differencing of Eq. ͑6͒ on the energy axis, as described in Ref. 17 , yields an ordinary differential equation in time.
The fact that a process chamber is simulated leads to two modifications of the EEDF calculations as described so far:
͑i͒ Secondary electrons emerge due to ionization. The newly produced electrons have little energy, therefore they are put into the lowest energy bin. ͑ii͒ Electrons recombine at the chamber wall. The loss rate of electrons is determined by quasi-neutrality:
The number of electrons recombining at the wall per unit time equals the rate of positive ions recombining at the wall,
where the summation runs over all positive ions. For the calculation of ṡ i see Sec. II D. Furthermore, we assume that the number of electrons lost per time in each discrete bin is proportional to the total number of electrons f k in that bin,
The power P e deposited to the electrons is calculated from the total power input P by
the sheath, which is seen as a constant factor. 18 At this present stage of the model the electric field is calculated from P e by the ohmic heating law
where is the conductivity of the plasma,
͑18͒
We are aware that this formula is valid only for dc fields, but as discussed above, we can restrict ourselves to that case.
B. Simplified treatments of electron kinetics
In the above formulas, the EEDF is calculated at each time step. The CPU time is acceptable ͑about 15 min CPU time on a SGI Indy, R5000, 180 MHz͒, but in view of spatially resolved simulations of plasma etch systems, it is important to save as much CPU time for calculating the chemical kinetics as possible without sacrificing accuracy. Therefore it seems reasonable to precalculate the EEDF under typical plasma conditions and tabulate or fit the resulting rate constants. 9 The straightforward procedure is to calculate the steady-state EEDF for a number of E/n g values with a fixed plasma composition and extract the electron ''temperature'' from the mean energy E e T e ϭ 2 3k B E e , ͑19͒
and the rate constants
for each calculation. Then, one fits these extracted values to a three-parameter Arrhenius function
͑21͒
Another widely used simplification is to assume a Maxwellian distribution for the EEDF and then calculate the ͑temperature-dependent͒ rate constant fits. 8 Both strategies yield rate coefficients which depend on the electron temperature T e . Thus, an electron energy conservation law is used to determine T e in a self-consistent manner: 
Here, ⌬E i k is the energy difference between the ground state and the excited state k (kϭ1, . . . ,N l i ) of species i. This procedure yields rate constants which only depend on electron temperature. One equation for the electron temperature is used instead of maybe several hundred of energy intervals on the energy axis for the finite-differenced BE. However, the dependence on the plasma composition is neglected and several assumptions for the electron-energy equation have been made ͑i.e., only using the mean value and not the whole distribution͒. The accuracy of such simplifications will be discussed in Sec. III.
C. Gas-phase reactions
The chlorine plasma consists of seven species: e, Cl 2 , Cl, Cl Ϫ , Cl ϩ , Cl 2 ϩ and Cl*, the metastable 4s state of atomic chlorine. The corresponding reactions are shown in Table I 
D. Surface reactions
Surface reactions play an important role in determining plasma composition. The surface processes considered are recombination of ions and electrons, recombination of atomic chlorine and de-excitation of metastable atomic chlorine. The complete set of surface reactions and reaction parameters used in our simulations is identical to those published in Ref. 9 .
E. Numerical solution method
The finite-differenced BE and the species mass conservation equations are solved using the semi-implicit extrapolation solver LIMEX. 22, 23 For the precalculation of the rate constants, the composition of the plasma is constant in time, leading to a right hand side of the Boltzmann equation which is only time dependent through the EEDF itself. 13 This can be used to speed up the EEDF calculation by about an order of magnitude.
III. RESULTS AND DISCUSSION
The model input consists of a reaction mechanism, corresponding cross sections ͑or rate constants in case of a precalculated EEDF͒, power, pressure, reactor volume and surface, surface reaction mechanism, and corresponding sticking coefficients, feed gas composition and flow rate. The model output consists of the ͑time-dependent͒ plasma composition, the surface coverage and the EEDF ͑or electron temperature in the case of precalculated EEDF͒. Although our formulation of the mathematical model yields the time dependence of the solution, we restrict the discussion to the steady state. The reactor dimensions are those of the transformer coupled plasma tool used by Ra and Chen. 24 All input values and their range examined are listed in the upper part of Table II .
A. EEDF calculations
Much has been said about the form of the EEDF in plasma-etch conditions. 7,9,10 Briefly, the EEDF is non- 
Maxwellian, depends strongly on E/n gas and weakly on the plasma composition, i.e., the ionization degree. This is shown in Figure 1 where the steady-state EEDF is shown for E/n gas ϭ 100 Td in comparison to a Maxwellian distribution with the same mean energy. Figure 1 also depicts the steadystate EEDF for three different ionization degrees, showing that larger electron fractions lead to a more Maxwellian-like distribution. The other conditions for the EEDF calculations are listed in the lower part of Table II .
It is important to note that the contribution of electronelectron collisions cannot be neglected ͑Figure 1͒. For the precalculation of the rate constants, we follow the procedure described in Sec. II B. All the Arrhenius parameters are listed in Table I . The values of reaction G8 and G9 are estimates taken from Ref. 9. We will compare results using these fit values with the fully coupled solution in the next section.
B. Dependence of the results on model assumptions
We calculate the steady-state solution using three different levels of sophistication: ͑i͒ fully coupled solution of Eq. ͑6͒ for the EEDF and Eqs. ͑1͒ and ͑2͒ for the mass fractions, ͑ii͒ precalculation of the EEDF under typical conditions by Eq. ͑6͒, determination of the rate-constants, afterwards solution of Eqs. ͑1͒ and ͑2͒ and the electron temperature Eq. ͑22͒, ͑iii͒ assumption of a Maxwellian distribution, calculation of the rate constants by numerical integration, then solving Eqs. ͑1͒, ͑2͒, and ͑22͒.
A comparison of the three methods is shown in Figure 2 where the concentration of electrons is plotted against the power. It can be seen that precalculated EEDF and fully coupled solution go well along the whole power range, while the assumption of a Maxwellian distribution overestimates the concentration. The reason is that the tail of the EEDF, when calculated by solving the BE, is smaller than that of a Maxwellian, leading to less electrons with high energies and thus to lower ionization rates. In Figure 3 we observe similar results for the electron temperature: While there are only slight deviations between fully coupled and precalculated calculations, the equilibrium assumption predicts about 1 eV lower temperatures over the whole power range.
The dependence of the electron concentration on pressure is shown in Figure 4 . The precalculated EEDF method differs from the fully coupled solution at very low pressures ͑about 1 Pa and below͒. The reason is that at such pressures the ionization degree is much larger ͑1%-10%͒ than the 0.1% being assumed for the EEDF calculations. This error can be avoided by introducing a fit function which is also dependent on the ionization degree. The high ionization degree drives the EEDF towards a Maxwellian, 9 thus the assumption of a Maxwellian EEDF should become better at low pressures, which can be verified from Figure 4 and also from Figure 5 , where the electron temperature is plotted against system pressure.
IV. CONCLUSION
A simple model to simulate the characteristics of plasmaprocessing reactors has been presented. The central assumption of neglecting spatial dependencies leads to a computationally efficient method to investigate the chemical kinetics in such reactors. Incorporation of the model into spatially resolved simulations should pose no principal problems. The model consists of conservation equations for the plasma species and a finite-differenced Boltzmann equation for the EEDF. Both fully coupled solution and precalculation of the EEDF and reaction rates is possible. A comparison of both methods yields only slight differences for the plasma composition, while the computational demands are considerably lower if the EEDF is precalculated. Only if the nominal plasma conditions ͑especially the ionization degree͒ used to predetermine the EEDF are of an order of magnitude different from the actual ones, there are considerable differences. The assumption of a Maxwellian distribution, however, leads to an overestimation in reaction rates which change results by up to a factor of 2.
The predictive capability of a 0D model is largely determined by the kinetic data for gas phase and surface reactions.
While the situation for the gas phase is rather satisfying as cross sections are known for all important reactions of a chlorine plasma, and the nonequilibrium behavior of the electrons can be accessed theoretically, there is little data available for surface reactions. This situation gets even worse when noticing the strong dependence of the plasma composition on the corresponding sticking coefficients. 21 Here, more work should be done on detailed models for surface reactions.
